Introduction and Background
Regional groundwater modelling studies in large semiarid regions are often hampered by field data scarcity, in both space and time. In such a case, remote sensing can offer complementary datasets and guide further investigations (e.g., Jackson 2002; Brunner et al. 2004; Schmid et al. 2005) . Presented here is an example of how remote sensing and geographic information system (GIS) techniques have helped regional groundwater modelling through a better definition of groundwater recharge and discharge areas, groundwater/surface water interaction, and palaeohydrological settings. The work focuses on the Quaternary unconfined aquifer covering 500,000 km 2 in the central part of the Lake Chad Basin in north-central Africa. It is shared between Chad, Niger, Nigeria and Cameroon and provides fresh water for the majority of ~20 million inhabitants of the basin (Fig. 1) . Quaternary sediments form a continuous layer made up of fluvio-lacustrine deposits and aeolian sands, isolated from underlying aquifers by a thick layer of Pliocene clay. The regional aridity may be illustrated by environmental conditions to the north of Lake Chad where the annual rainfall is lower than 200 mm and the population density does not exceed 0.05 inhabitants per km 2 . Previous reliable hydrogeological studies are few, most of them dealing with the southern half of the aquifer. Regional syntheses can be found, for instance, in Leblanc (2002) and Gaultier (2004 
Remote sensing data and processing techniques
A variety of remote sensing data from multiple sensors were used: thermal 
Recharge and discharge areas mapping
Geospatial techniques can be used in conjunction with groundwater modelling to define the space-time distribution of groundwater recharge and discharge (e.g. Lubczynski and Gurwin 2005) . Within the Lake Chad Basin, the first models of the Quaternary aquifer (e.g. Leduc et al. 1998 ) incorporated only on-ground hydrogeological data and were, therefore, limited in regionalizing. In this study, satellite images were combined with hydrogeological data in a GIS to identify and map key surface indicators of recharge and discharge areas (Leblanc et al. 2003a; Leblanc et al. 2003b ). This preliminary mapping was then imported into the steady-state groundwater model (Leblanc et al. 2003b) . A wide range of recharge and discharge rates are cited in the literature for the Quaternary aquifer of the Lake Chad Basin (e.g. Leduc et al. 2000; Edmunds et al. 2002) . The spatial distribution of recharge and discharge was imposed in the model according to the mapping described above, leaving the rates as the unknown parameter. Annual rates were then adjusted, within the range of literature values, by trial and error tests during the steady-state calibration. The combined used of the geospatial techniques and groundwater modelling thus improved knowledge of spatial distribution and intensity of recharge and discharge processes.
Groundwater/surface water interaction
The extent of Lake Chad is very sensitive to climate fluctuations, mainly because it is closed, shallow and in an arid environment. For example, it fluctuated from 25 000 km 2 and less than 6000 km 2 between 1960 and 1990 (Lemoalle 2004) .
The Quaternary aquifer is interconnected with Lake Chad, and as a result, groundwater levels in the vicinity of Lake Chad have also declined in recent decades. Near the former northern lakeshore, groundwater levels (1980s-1990s) show a continuous water table decrease ranging from 0.2 to 0.9 m/yr. Satellite archives were used to reconstruct these fluctuations and were imported as input in the transient groundwater model. The first important fluctuations of Lake Chad for the second half of the twentieth century were recorded in Landsat data (Lemoalle, 1978) . The current study complemented these Landsat data with monthly time series of AVHRR and Meteosat thermal images from 1986 to 2000
(1 and 5 km spatial resolution respectively). For many periods, AVHRR data were not available or affected by clouds. They were supplemented with Meteosat 30-day maximum value thermal composite data. Since the decrease in water level, floating vegetation has swamped large areas of Lake Chad. Thermal AVHRR and Meteosat data were used to map the extent of both open water and water under aquatic vegetation. Using the thermal satellite data, the high thermal inertia of open and covered waters can be distinguished from the relatively low thermal inertia of the surrounding bare dry land and non-aquatic vegetation (Rosema and Fiselier 1990; Leblanc et al. 2003b ). The lake fluctuations data were stored in a GIS and pre-processed for input in the hydrogeological model.
In areas where the lake dried up, the modeled groundwater/surface water relation stopped and evaporation rates were applied to the shallow groundwater.
Simulated drawdowns are in rather good agreement with the field measurements.
Paleohydrology
Remote sensing data can help to map changes in surface water and/or environmental conditions that occurred in the past few decades. For longer periods, up to several thousands of years, regional climatic proxy data must be considered for constraining initial boundary conditions in groundwater models (e.g. Gossel et al. 2004) . When large changes in surface water conditions may be expected, remote sensing data can also be used for delineating past river drainage patterns and/or past lake extents. In the Lake Chad Basin, Landsat TM and Modis data revealed the remains of ancient shorelines, rivers and deltas indicating the presence, during the early to middle Holocene, of a 340 000 km 2 paleo Megalake Chad, as far as the arid Sahara desert, where there is currently less than 100 mm/yr of rainfall (Leblanc 2002; Leblanc et al. 2006a, b) .
Moreover, the SRTM data greatly enhanced knowledge of the topography in the desert area of the basin and allowed for an improved reconstruction of the 8 13 000 km 3 Megalake Chad (Leblanc et al. 2006b ). Most of the Quaternary aquifer was then submerged and experienced a major recharge event.
Environmental isotopic data (A 14 C, 18 O, 2 H) for groundwater in areas where current infiltration is low or nil (Leblanc et al. 2003a ) also indicate that most of the Quaternary aquifer was then submerged and the last period of major recharge occurred during early to middle Holocene (e.g. Leduc et al. 2000) . The current discharge area (in the Lowlands) of older groundwater from the confined aquifers of the basin (Edmunds et al. 1999 ) was then largely submerged beneath up to 160 m of lake water.
Discussion
The Quaternary aquifer could be considered as an extreme case. According to ordinary criteria, its size and extent, and the limited data set, should deter any attempt at groundwater modelling. However, in spite of appearances, the hydrogeological context was favourable. The large closed piezometric depressions that exist in different places around Lake Chad constitute severe hydraulic constraints. In natural conditions, such singularities are only explained by evapotranspiration of groundwater, obviously very small when it affects the water table at a depth greater than 40 m. To preserve the regional head equilibrium in the groundwater model implies that horizontal flow are also very small. A step-by-step reconstruction of the groundwater flows is then possible.
New remote-sensing applications for the Lake Chad Basin and the Quaternary aquifer are now being investigated. Satellite altimetry (Topex/Poseidon) was successfully applied to monitor water levels in the southern pool of Lake Chad (Birkett 2000) . Future research could include detailed monitoring of the water budget of Lake Chad in both north and south pools by combining satellite altimetry (European Remote Sensing (ERS) and Envisat) and evapotranspiration mapping using energy balance algorithms such as SEBS (surface energy balance system; Su 2006). Such a detailed water budget could provide 9 information on some of the scientific issues related to Lake Chad: groundwater seepage, seasonality and dynamics, and salt budget. Another prospective research theme is mapping forest cover change in the basin and the study of its impact on the water resources. The piezometric depressions in this region and recent works in a neighbouring region of the Sahel (Leduc et al. 2001) highlighted the importance of the tree cover on the local hydrological cycle. In the Lake Chad Basin a time-series of aerial photographs, SPOT and Landsat images are being used to assess the impact of deep-rooted trees and deforestation on the Quaternary aquifer. Radar imaging is a powerful tool for the reconstruction of arid land palaeohydrology because of its capability to penetrate dry surfaces in contrast with optical sensors (e.g. Robinson et al. 2006) . A series of radar images are currently being used to map sub-surface paleodrainage in the Saharan part of the Lake Chad Basin. This could yield important information for the modelling of Megalake Chad and long-term modelling of the Quaternary aquifer.
Conclusion
The integration of remote sensing data in the groundwater model significantly improved water resource assessment in the Lake Chad Basin. The most important result was certainly the delineation and estimation of recharge and discharge, including some of the key parameters controlling the occurrence of large piezometric depressions. Satellite data used for groundwater/surface water interaction modelling provided information on the affects of short-term climate fluctuations on groundwater. Transient groundwater modelling revealed that the impact on the water table of the shrinkage of Lake Chad is strong, but limited in space to a relatively small area around the lake. The hydrodynamics of the system has been considerably modified since early Holocene. The delineation of Megalake Chad and paleorivers using remote sensing data can be used to define initial boundary conditions for the early to middle Holocene period, to describe the creation of piezometric depressions and to identify the sensitivity of the aquifer to major climate changes.
